The complicated three-dimensional interior structures of the polycrystalline hollow zinc oxide microspheres were clearly obtained by the nondestructive nanocomputed tomography ͑nano-CT͒ technique. The parameters such as diameter, volume, porosity, and surface area were calculated by the quantitative analysis of reconstructed data. Especially, three single selected particles with different typical structures were separated and compared. With these results, the distinction of the particles can be clearly understood in nanoscale. This study reveals that nano-CT is an effective and competent tool for investigating the three-dimensional interior structures of nanomaterials in the natural environment. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3196250͔
In recent years, much attention has been focused on the fabrication of nanoscale and microscale hollow spheres because of their potential applications in catalysts, artificial cells, coatings, and especially in delivery vehicle systems for the inks and dyes. [1] [2] [3] [4] Hereinto, the oxide nanoparticles with a hollow structure exhibit a range of interesting properties superior to their solid counterparts because of the low density, high specific surface, and large surface permeability without much sacrifice of mechanical/thermal stability. [5] [6] [7] [8] It is now believed that the properties and applications of such materials are influenced by their structure and size. Rational control of morphology can be a feasible and efficient strategy to tune their physical and chemical properties. As far as the hollow structures are concerned, not only the surface morphology but also the precise control of the size and threedimensional ͑3D͒ structure for the single selected nanoparticle are the key steps to extend their potential applications in various domains. Therefore, for the nanoparticles with different morphologies and hollow structures, visual studying of their spatial structures and analyzing their properties via 3D imaging techniques are in urgent need.
To date, electron microscopy has been a common technique to provide two-dimensional ͑2D͒ information for materials with high spatial resolution. However, the small penetration depth of electron limits its application for the study of 3D structures for materials. The time-consumed series sectioning of samples is needed to obtain the interior structures of some materials, 9 which may destroy the structures and introduce artifact. Thus, the transmission x-ray microscopy ͑TXM͒ was expected to be a kind of typical microscopy technique for investigating the interior structures of thick opaque objects owing to the large penetration depth of x-ray. During the past two decades, due to the development of x-ray optical devices such as Fresnel zone plates [10] [11] [12] and the high brilliant x-ray of synchrotron radiation sources, the technology of TXM has been rapidly developing. The 2D resolution down to 15-40 nm has been achieved. 13, 14 In addition, another useful technique called Zernike phase contrast has been developed to provide better image contrast than natural absorption contrast for x-ray microscope in recent years. [15] [16] [17] Furthermore, computed tomography ͑CT͒ ͑Ref. 18͒ is a classical technique for obtaining 3D information in medical imaging as well as in nondestructive testing. By combining these techniques, a spatial resolution around 60 nm of tomographic reconstruction image has been achieved. [19] [20] [21] This x-ray nano-CT technique has fewer limits in sample preparation, which can provide nondestructive investigation and reduce the artifact and deformation possibly caused by sample section. It is relatively easy to investigate the interior 3D structures of microsized or nanosized complicated samples in the natural environment, as well as selectively differentiate the single particle as expected. Moreover, 3D information of sample can also be quantitatively analyzed due to the obtained precise 3D structure of sample.
The polycrystalline hollow zinc oxide ͑ZnO͒ microspheres were used here to demonstrate the feasibility of this methodology. The ZnO particles were synthesized by a simple modified microemulsion method where Zn͑CH 3 COO͒ 2 ·2H 2 O was added into ethanol glycol solvent as the precursor, and cetyltrimethylammonium bromine was used as surface modified reagent. The x-ray tomography experiment was performed on the x-ray microscope beamline U7A of National Synchrotron Radiation Laboratory. A 6 T superconducting wiggler is used as the x-ray source, and the monochromatic x-ray flux is about 7.0ϫ 10 9 photons/ s after Ge͑111͒ double crystal monochromator at 8 keV at the storage ring current of 100 mA. The Xradia TXM with the zone plate of 45 nm outermost zone width can provide a spatial resolution of 50 nm and field of view about 15ϫ 15 m 2 in the first diffraction order. More details on the facility can be found in Ref. 22 . The ZnO particles dispersed by alcohol were moved onto a 100-nm-thick silicon nitride window mounted on the sample holder. tomographic images were automatically collected from Ϫ70°t o +70°in 1°interval at 8 keV with Zernike phase contrast. The exposure time for the first image was 240 s, and those for the rest were automatically calibrated by the measured brightness of the incident beam to provide similar exposure photon dose. The total exposure time for nano-CT data set acquisition was about 13 h. The 3D reconstructed volume data were then obtained using these projection images by a standard filtered-back-projection algorithm. 18 The different images of the hollow ZnO microspheres are shown in Fig. 1. Figure 1͑a͒ is a scanning electron microscopy ͑SEM͒ image of numerous microspheres. The surface of spheres can be clearly seen and the diameters of spheres are around 1.5-2 m. From some broken spheres, the unclearly interior structures can be found. Figure 1͑b͒ presents one original projection image of microspheres by TXM, in which the interior structures of each particle can easily be detected. From one slice image of reconstructed tomographic data in Fig. 1͑c͒ , interior irregular pores are clearly seen. There are different interior pore structures in different particles, and the diameters of various pores are around 100-500 nm. Figure 1͑d͒ shows the complete 3D structures of the microspheres by 3D transparent rendering. These results present a clear visualization of the ZnO particles such as the morphology, interior pore structures and diameters.
Further quantitative analysis based on the obtained fine 3D structure of the ZnO particles is useful. The structural parameters are helpful to investigate the potential applications of such hollow particles, such as controlled release containers. For comparison, three different single spheres with typical structures were cropped from numerous particles shown in Fig. 2͑a͒ . In order to separate the signals of ZnO material and the interior pores from the background for further analysis, the gray-scale volume data were first converted to ternary data by the selected threshold. The magnification of TXM was precalibrated by a 10 m length of line on an Xradia's standard pattern. Thus, the exactly calculated pixel size of reconstructed data is 0.0583 m and the volume of a quadrate voxel is around 1.982ϫ 10 −4 m 3 . With the precise pixel size, the diameters of the three particles can be measured. In addition, the voxel numbers of ZnO and pores can also be obtained in the segmented volume data, to calculate the total volume and the porosity.
The external surface area ͑ESA͒ and internal surface area ͑ISA͒ are also the important parameters for such hollow particles. The voxels representing the external and internal surface of the ZnO material can be detected and separated by a simple surface detection algorithm, in which the six neighbor voxels of each ZnO voxel are evaluated whether to be the background or the interior pore. As an approximation, each detected voxel contributes a quadrate area of about 58.3ϫ 58.3 nm 2 to the surface area. With the total voxel numbers of the external and internal surface, the ESA and ISA of ZnO particle can be exactly calculated.
Using the methods mentioned above, the parameters of the three spheres were calculated. The summary results of diameters, porosities, volumes, and surface area about the three typical spheres are listed in Table I . With these results, the structural characteristics between these ZnO particles can be discriminated. Figure 2͑c͒ presents that the interior pores are irregular and distinct in different particles. The pores in S1 with small structure and complicated morphology are distributed in whole particle. However, there are mainly two major regular pores in S2. Moreover, the pore structure of S3 is dissimilar to that of S1 or S2 and there is even a broken surface indicated by the white square. 23 In addition, the porosities are also particular for each particle and have less, even no relationship with the particle diameters. Due to the particle S3 has a broken surface, only the ESA and ISA of S1 and S2 were calculated. Their ISA are quite different because of the distinct pore structures. These precise results reveal that this technique is an effective tool to characterize the structure of nanomaterial especially when the porosities and surface area are the most important factors. Furthermore, it is clear that with the mentioned synthetic condition, the diameters of the particles are mostly around 1.5-2 m and the porosities are around 10%-25%, respectively, meanwhile the interior hollow structure cannot be exactly controlled as expected with such synthetic methods.
The maximum angle of the CT scan is important for the accuracy of samples' 3D information. Due to the mechanical structure of sample holder, the used 140°of CT scan missed some wedge information at large angle. An improved sample holder with glass capillary will be designed to provide 180°o f rotary angle to overcome this disadvantage. The relationship between the properties or applications of material and the obtained structures will also be studied in future. One of the potential applications about such hollow particles may be the controlled release containers. The model based on the obtained precise structures and parameters, such as volume, porosity, and surface area, will be designed to investigate the capability and permeability of the containers in theory.
In summary, we demonstrate that the 3D structure of polycrystalline hollow ZnO microspheres can be clearly obtained by x-ray nano-CT at 8 keV with ϳ60-nm 3D spatial resolution. The parameters of structures such as diameter, volume, porosity, and surface area were also obtained by quantitative analysis. These results indicate that x-ray nano-CT is an effective and competent tool for studying 3D interior structures of some nanomaterials in the natural environment. 
